While inhalation of ozone is known to cause a variety of health effects, the reactions at a molecular level that lead to these effects are not well understood. One potential path is the reaction of ozone with the unsaturated fatty acid components of pulmonary surfactant at the air-water interface in the lung to form secondary ozonides. These have been proposed to decompose to free radicals, which can then initiate the well-known inflammatory response. We report here the first kinetic studies of the thermal decomposition of the cis and trans secondary ozonides of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine ( POPC), a phospholipid found in significant quantities in lung surfactant. The ozonides were synthesized by reaction of O 3 with POPC adsorbed on a glass surface, and their thermal decomposition kinetics were followed using high-performance liquid chromatography ( H PLC) over the temperature range from 50°C to 106°C in either methanol or 1,1,1,2-tetrachloroethane. The Arrhenius parameters for the thermal decomposition in methanol are

. The latter reaction has been proposed to be initiated by scission of the O-O bond, followed by decomposition of the peroxy biradical to generate free radicals. The kinetics for the decomposition of the POPC ozonides in solution are similar to those of simple alkene ozonides in the gas phase, where a concerted mechanism involving simultaneous intramolecular hydrogen transfer and O-O bond cleavage has been proposed. The only high-molecular-weight major product of the POPC ozonide decomposition identified using liquid secondary ion mass spectrometry ( LSIMS) was the lipid acid 1-palmitoyl-2-azelaoyl-sn-glycero-3-phosphocholine, which was observed as a product in both solvents. The mechanism and implications for the toxicology of inhaled ozone are discussed.
Ozone is a component of the natural troposphere. However, elevated concentrations are found at the earth's surface worldwide due to its formation in a series of photochemical reactions involving volatile organic compounds (VOC) and oxides of nitrogen (NO x ) (Finlayson-Pitts & Pitts, 1986; National Research Council, 1991) . Inhalation of ozone is known to cause a variety of effects, including changes in pulmonary function, damage to cells and tissues, increased susceptibility to infection, and a change in breathing pattern during the exposure, which is correlated with a postexposure injury-inflammatory response (Lippmann, 1989 (Lippmann, , 1991 (Lippmann, , 1993 Tilton, 1989; Crapo et al., 1992; Mautz et al., 1991) .
Ozone is well known to react with a variety of components found in biological systems, such as proteins and the unsaturated components of lipids (Menzel, 1984; Pryor, 1994; Uppu & Pryor, 1994; Uppu et al., 1995) . Phospholipids play a key role in lung function as major components of pulmonary surfactant in the alveolar region. This surfactant acts to lower the surface tension of the fluid lining to permit the facile expansion and contraction of the alveoli during inhalation and exhalation, as well as to prevent pulmonary edema (Avery & Mead, 1959; Clements, 1961; Nieman & Bredenberg, 1984) . As many as 30% of the fatty acid components are unsaturated and hence are potential reaction sites for inhaled ozone (Sanders, 1982; Alam & Alam, 1984; FinlaysonPitts et al., 1994) . Indeed, the lifetime for ozone with respect to reaction with such unsaturated sites in the lung lining fluid layer is of the same order of magnitude as its expected diffusion time across this layer; as a result, a significant portion of the ozone is expected to react with organics such as pulmonary surfactant in the fluid layer (Pryor, 1992) .
It is still not clear on a molecular level how reactions of O 3 with biological components in the lung lead to the observed effects of ozone inhalation. A portion of the reaction of O 3 with polyunsaturated fatty acids (PUFA) in solution has been shown to produce free radicals, such as alkyl, alkylperoxy, and alkoxy radicals, and these may initiate lipid oxidation in the lung (Goldstein et al., 1968; Pryor, 1994; Pryor et al., 1981 Pryor et al., , 1983 . Alternatively, products of the ozone reactions such as aldehydes, H 2 O 2 , and secondary ozonides have been shown to be potential contributors to ozone toxicity (Cortesi & Privett, 1972; Menzel et al., 1975; Pryor et al., 1991a Pryor et al., , 1991b Pryor et al., , 1995a Pryor et al., , 1995b Pryor & Church, 1991; Hempenius et al., 1992 Hempenius et al., , 1993 .
Ozone is well known to react with alkenes, initially forming a carbonyl compound and a Criegee intermediate. The Criegee intermediate can react with solvent or other species such as water, decompose, or recombine with the carbonyl compound to form a secondary ozonide (Bailey, 1978) : Secondary ozonides thermally decompose (see, e.g., Criegee et al., 1953 Criegee et al., , 1955 Bailey, 1956; Bailey & Mainthia, 1956; Bernatek & Hvatum, 1960; Greiner & Mueller, 1962; Pasero et al., 1963; Briner et al., 1965; Privett & Nickell, 1966; Razumovskii & Yur'ev, 1967; Story et al., 1968a Story et al., , 1968b Ellam & Padbury, 1971; Criegee & Korber, 1972; Hull et al., 1972; Ewing et al., 1989a Ewing et al., , 1989b Anachkov et al., 1994) . Free radicals are generated in the decomposition of simple ozonides such as allylbenzene ozonide, as indicated by the values of the Arrhenius parameters for their thermal decomposition, by the nature of the products in various solvents, and by the use of spin traps (Ewing et al., 1989b) . The kinetics are consistent with the initial breaking of the weak peroxide O-O bond, followed by b scission to generate free-radical fragments. For example, the activation energies for decomposition of allylbenzene ozonide and 1-octene ozonide in CCl 4 were reported to be 28.2 ± 0.3 and 26.6 ± 0.5 kcal mol -1 , respectively, consistent with the energy needed to break the weak peroxide bond (Ewing et al., 1989b) . The preexponential factors were measured to be 10 13.6±0.2 and 10 12.5±0.3 s -1 for allylbenzene ozonide and 1-octene ozonide, respectively, again consistent with the entropy changes expected for a simple unimolecular decomposition involving scission of the O-O bond (Benson, 1976) . Similarly, the activation energy and preexponential factor for the thermal decomposition of 1-decene ozonide were reported recently as E a = 30.8 ± 1.0 kcal mol -1 and A = 10 15.2 s -1 (Anachkov et al., 1994) . Boldenkov and Razumovskii (1977) measured activation energies for the decomposition of the secondary ozonides of 1-hexene and 1-heptene of 23.7 and 22.8 kcal mol -1 , with preexponential factors of 10 10.8 and 10 10.2 s -1 , respectively; however, since error bars were not cited, it is not clear whether these values are within experimental error of the Arrhenius parameters for the other simple alkene ozonides.
In short, the formation of secondary ozonides in the lung, followed by their decomposition to free radicals, would provide an indirect means of initiating lipid oxidation after ozone inhalation. The formation and decomposition of secondary ozonides may also have implications for the effects associated with inhalation of small particles, which is strongly correlated with increased mortality and morbidity (Dockery et al., 1993; Vedal, 1997) . Organics are known to be an important component of airborne particulate matter (Odum et al., 1997) and include polar oxidation products. Formation of secondary ozonides in such particles by ozonealkene reactions could contribute to the presence of highly reactive species in such particles. This is clearly relevant to the proposal of Kao and Friedlander (1995) that the widespread health impacts of particulate matter may be due to the presence of common reactive compounds. Since ozone and alkenes are ubiquitous components of both urban and rural atmospheres (Finlayson-Pitts & Pitts, 1986) , secondary ozonides are potentially common to particles in many locations.
However, co-workers (1992, 1993) were not able to detect the production of free radicals using spin traps and electron spin resonance (ESR) in the decomposition of methyl linoleate 9,10-ozonide. Based on this, they suggest that the mechanism of toxicity of secondary ozonides does not involve free-radical intermediates. Similarly, the gasphase decomposition of simple ozonides has been proposed, based on kinetic studies, to occur via a concerted mechanism rather than an initial simple O-O bond cleavage to produce free radicals (Hull et al., 1972) . In addition, there is evidence that the ozonide may react directly with some solvents such as methanol (Criegee & Korber, 1972) , dimethyl sulfoxide, dimethylformamide, and amines (Ellam & Padbury, 1971) , as well as with water (Privett & Nickell, 1966; Bailey, 1978; Pryor & Wu, 1992) . However, the relative importance of such reactions compared to peroxide bond cleavage is not clear.
In summary, a variety of studies of the thermal decomposition of secondary ozonides indicate that the kinetics and mechanism depend on the structure of the ozonide, the temperature, and the nature of the solvent. As a result, there is no unified mechanism that can be used to predict how phospholipid ozonides, formed in the alveolar region of the lung, will react. In addition, to the best of our knowledge, there have been no direct studies of the kinetics and mechanism of the thermal decomposition of these secondary phospholipid ozonides. This may, in part, be due to the difficulty of working with these surfactant ozonides, which are not readily soluble in many solvents, and which are not sufficiently volatile to be analyzed using conventional techniques such as gas chromatography (GC) and gas chromatography-mass spectroscopy (GC-MS).
We report here the first kinetic studies of the thermal decomposition of the cis and trans secondary ozonides of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) using HPLC. This phospholipid is found in significant quantities in lung surfactant (Sanders, 1982; Alam & Alam, 1984; Finlayson-Pitts et al., 1994) , and its secondary ozonide has been synthesized and characterized (Lai et al., 1990; Squadrito et al., 1992; Salgo et al., 1994) . This POPC secondary ozonide has been observed in laboratory studies as a minor product (~5%) of the reaction of ozone with POPC at the air-water interface , similar to the alveolar region of the lung. In addition, it has been measured at ~10% yield from the reaction of ozone with POPC liposomes (Pryor, 1994; Squadrito et al., 1992) . We also carried out a search for products of the thermal decomposition using liquid secondary ion mass spectrometry (LSIMS). For comparison to earlier studies (Ewing et al., 1989b) and as a check for systematic errors, kinetic studies of the analogous decomposition of 1-octene ozonide were also reproduced in this laboratory.
EXPERIMENTAL POPC Ozonide Studies
Caution: Ozonides are known to be explosive. Although we have not encount ered problems with the small quantities of the phospholip id ozonides studied here, suitable precautions should be taken during their synthesis and handling.
A mixture of the cis and trans secondary ozonides of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) was synthesized and characterized as described elsewhere (Lai et al., 1990) . Briefly, approximately 4 mg POPC (99%, Sigma) was dissolved in 2 ml of a 2:1 (v:v) chloroform/ methanol solvent (methanol was HPLC grade, Fisher Scientific; chloroform was 99+%, Aldrich) and adsorbed onto the inner walls of a cylindrical glass cell by continuously rotating the cell under a stream of dry nitrogen as the solvent evaporated. A stream of 2-3% O 3 /O 2 produced by passing O 2 (Ultrahigh purity, Liquid Carbonic, >99.999%) through an ozonizer (Polymetrics) was directed onto the adsorbed POPC for 12 min. Because there are multilayers of the phospholipid adsorbed to the cell walls, complete conversion to the ozonides does not occur with one such ozonation. To obtain complete conversion of the POPC, the mixture of reacted and unreacted phosphocholine was redissolved in a small amount of CHCl 3 directed along the cell walls, and then recoated on the cell surface and ozonized as before. This was repeated, giving a total of three exposures to ozone. The product was dissolved in 2 ml methanol and stored in a freezer at -12°C prior to use.
The loss of the POPC ozonides was followed at predetermined reaction times during the thermal decomposition using HPLC with a multisolvent delivery system (Waters 600E) and a 30 cm × 0.39 cm Nova-Pak C18 4-µm reverse-phase column (Waters) preceded by a Waters Guard-Pak column. Detection by absorption spectrometry at 205 nm was carried out using a photodiode array detector (Waters 900). The mobile phase was methanol/water (97:3 v:v) containing 40 mM choline chloride (99%, Aldrich) at a flow rate of 1 ml min -1 . To study the kinetics of the thermal decomposition, 100 µl of the mixture of cis and trans ozonides in solution was placed in 12-18 highpressure vials (Kontes, Microflex vials). The solvent was evaporated under a stream of N 2 , and 100 µl of the solvent of interest was then added to each vial. The vials were sealed and placed in a temperature-controlled bath (MGW Lauda, M20). At measured reaction times, vials were removed and rapidly cooled by immediate immersion in a water/ice bath. The reactions were typically carried out to two to three half-lives. Vials not immediately analyzed by HPLC were stored in a freezer at -12°C; the ozonides were stable under these conditions. If the solvent was 1,1,1,2-tetrachloroethane (TCE) (99%, Aldrich), it was evaporated under a stream of nitrogen at room temperature and methanol was added prior to HPLC analysis, since the tetrachloroethane interfered with the chromatography. To each vial, 25 µl of a 20 mM solution of (+)-dihydroxycholesterol (95%, Aldrich) in a 3:1 methanol/chloroform solution was added as an internal standard prior to injection into the HPLC. The areas of the ozonides were then ratioed to that of the internal standard to take into account any variability due to differences in injection volume. Generally, two to three vials were analyzed at each reaction time and the average was used in the first-order plots. The temperature range for the kinetic measurements of the POPC ozonide decomposition was 50.0-105.9°C in methanol and 60.5-100.3°C in 1,1,1,2-tetrachloroethane.
A search for the higher molecular weight products of the decomposition was carried out using liquid secondary ion mass spectrometry (LSIMS) in the positive ion mode with a 3-nitrobenzyl alcohol matrix, Cs + at 25 kV and 1 µA current, and a Micromass AutospecE mass spectrometer. The mass spectra were recorded for the mixture of unreacted POPC ozonides as well as after ~20% and ~70% decomposition in methanol and tetrachloroethane, respectively.
1-Octene Ozonide
This ozonide was prepared as described by Ewing et al. (1989b) by bubbling O 3 /O 2 mixtures (typically 4%) through a solution of 0.5 g 1-octene (Sigma, 99%) in 20 ml hexane (Sigma, 99+%) held at -78°C for approximately 15 min. The solvent was then removed by flushing with gaseous nitrogen for ~1 h. The ozonide was characterized using Fourier transform infrared spectometry, 1 H nuclear magnetic resonance (NMR), and HPLC using a cyanopropyl column (Zorbax CN 25 cm × 4.6 mm). The mobile phase was a 55:45 (v:v) mixture of water and methanol at a total flow rate of 1 ml min -1 . HPLC was used to follow the loss of 1-octene ozonide in 6 runs carried out over the temperature range from 85.7°C to 110.5°C. Four runs were carried out in CCl 4 (Baker, 100%) and two in CH 2 Cl 2 (Aldrich, HPLC grade) solvent. Phenyl ether (Aldrich Gold Label, 99+%) was added as the internal standard after decomposition but prior to the analysis.
Kinetic Analysis
If the thermal decomposition of the ozonides is a first-order process with rate constant
then the loss of ozonide is described by
This gives the usual expression for a first-order decay,
where [ozonide] t is the concentration at reaction time t and [ozonide] 0 is that at t = 0.
The natural logarithm of the ratio of the peak areas of each of the ozonides to the 1,2-dihydroxycholesterol internal standard was plotted as a function of time, and the first-order rate constants, k d (s -1 ), for decomposition were obtained from the least-squares slope of these plots. Two or three runs were carried out for each temperature-solvent combination and the average and standard deviation (s ) of each set were calculated; the weight, w, associated with each averaged value for the rate constant was calculated as w = 1/s 2 . The average values of the rate constants were plotted in the usual Arrhenius form,
as ln k d against 1000/T where T is the decomposition temperature (K). The points in this Arrhenius plot were weighted (Cvetanovic et al., 1975; Cvetanovic & Singleton, 1977) using w' = wk d 2 for each point. A weighted least-squares analysis was used to obtain the activation energy, E a , from the slope and the preexponential factor, A, from the intercept. Figure 1 shows a typical plot of the decay of 1-octene ozonide and Figure 2 shows the data in Arrhenius form. From the slope and intercept of the data in Figure 2 over the temperature range 85.7-110.5°C, E a = 26.7 ± 3.2 (2s ) kcal mol -1 and A = 10 12.7±1.9 s -1 (2s ). These values are in excellent agreement with E a = 26.6 ± 0.5 kcal mol -1 and A = 10 12.5±0.3 s -1
RESULTS AND DISCUSSION
1-Octene Ozonide
reported by Ewing et al. (1989b) over the temperature range of 50-98°C, and are consistent with their suggestion that the decomposition is initiated by cleavage of the weak O-O bond. Figure 3 shows a typical plot of the decay of the cis and trans POPC ozonides in methanol. As expected for a first-order decomposition, the plots were linear within experimental error. The first-order rate constants for decomposition obtained from the slope of such plots are summarized in Tables 1 and 2 for methanol and tetrachloroethane solvents, respectively. Figure 4 shows the Arrhenius plot for the decomposition of these ozonides in methanol and Figure 5 in tetrachloroethane. Again, the plots are linear within experimental error. Table 3 summarizes the activation energies and preexponential factors. In methanol, E a = 19.6 ± 0.6 kcal mol -1 for the cis ozonide and 19.8 ± 1.0 kcal mol -1 for the trans ozonide, and in both cases the preexponential factor is A = 10 8.7 s -1 . The data in tetrachloroethane have less precision, with E a = 18.4 ± 3.4 kcal mol -1 for the cis ozonide and 20.2 ± 5.2 kcal mol -1 for the trans ozonide. These are within experimental error of each other and of those measured using methanol solvent. The preexponential factors in the two solvents are also within experimental error of each other. In short, the activation energies for decomposition of the POPC secondary ozonides are significantly less than that for the decomposition of 1-octene ozonide, and also significantly less than the O-O bond strength of ~30 kcal mol -1 (Benson, 1976) . In addition, the preexponential factors for the POPC ozonide decompositions are approximately four orders of magnitude smaller than expected for such a simple bond fission (Benson, 1976) . This suggests that while 1-octene ozonide may decompose by O-O bond scission, the mechanism of decomposition of POPC ozonides must be different.
POPC Ozonides
The POPC ozonide decomposition kinetics are indistinguishable, within experimental error, in methanol and 1,1,1,2-tetrachloroethane. In addition, some runs were carried out in mixtures of varying proportions of CH 3 OH and CH 3 Cl at 100°C. Between 25% and 100% methanol, there was no significant change in the rate constants for the decomposition of the POPC ozonides.
In short, reaction of the secondary ozonides with methanol, as reported to occur for styrene ozonide by Criegee and Korber (1972) , cannot be important under these conditions. To test whether the decomposition could be due to reaction at other sites in the molecule than the ozonide ring, the decomposition of a 1:1 (w:w) mixture of the POPC ozonides and unreacted POPC was also studied in methanol and tetrachloroethane. In both solvents under conditions where 65% of the ozonides had decomposed, there was no significant change (within ±2s ) in the unreacted POPC. In addition, attenuated total reflectance FTIR spectra of unreacted mixtures or those that had undergone ~70% decomposition showed no significant differences. Thus the decomposition is not due to reactions of the ester or choline groups in the molecule. Hull et al. (1972) studied the thermal decomposition of simple alkene ozonides in the gas phase. The activation energies of the secondary ozonides of ethene, propene, isobutene, and 2-butene decreased from (27.5 ± 1.5) to (23.4 ± 1.5) kcal mol -1 and the preexponential factors from 10 13.6±1.0 to 10 8.9±1.0 s -1 along this series. The downward trend in both the Arrhenius parameters for the thermal decomposition of the POPC ozonides are consistent with the trend in the kinetics for decomposition of simple alkene ozonides in the gas phase, suggesting an intramolecular rearrangement occurring via a highly strained transition state. However, the detailed mechanism is not clear, as there appears to be no strong driving force for the hydrogen transfer they propose. A significant difference between the POPC ozonides and the simple alkene ozonides is the presence of a zwitterionic polar headgroup in the case of the POPC ozonides. The molecular structure is such that a unique intramolecular interaction of the head group with the ozonide ring in the same molecule is not likely. Interaction between the head group of one molecule and the ozonide ring of a second molecule is, however, possible. In this case, some difference in the kinetics between methanol and tetrachloroethane as the solvent might have been expected since their interaction with the zwitterionic head groups would be expected to differ. While no significant difference could be distinguished in these studies, such an intermolecular interaction cannot be ruled out.
A search for products of the decomposition of the POPC ozonides was carried out using LSIMS. Figure 6 shows typical mass spectra for (a) the unreacted mixture of POPC ozonides, and the same mixture after (b) 20% decomposition in methanol solvent and (c) ~70% decomposition in methanol. Similar spectra were obtained for the decomposition in tetrachloroethane. Initially, only the ozonide and a small amount of the lipid aldehyde (m/ z = 650) formed by cleavage of the trioxolane ring are present. Clearly, the corresponding lipid acid, 1-palmitoyl-2-azelaoyl-snglycero-3-phosphocholine (m/ z = 666), increases during the decomposition. Whether the small increase in the lipid aldehyde is significant is not known, due to the difficulty in using LSIMS in a quantitative manner. All of the observed peaks at m/ z 808, 650, and 666 increased by 22 amu upon addition of Na + to the matrix, as expected if these peaks are attributable to parent compounds.
The lipid acid may be formed either directly from decomposition of the secondary ozonide, or from formation of the lipid aldehyde followed by its oxidation. For example, in the reaction of POPC monolayers at the air-water interface with gas-phase ozone, the formation of the lipid acid increased relative to the lipid aldehyde at increased extents of reaction . If the lipid acid is a direct product of decomposition, nonanal should be formed simultaneously. However, nonanal is very volatile and can easily be lost during the sample workup. In addition, the remaining POPC ozonides decompose at the high temperature of the GC injection port to form nonanal (Lai et al., 1990) . As a result, quantifying the amount of nonanal produced by GC and GC-MS was not possible in these studies. No other high-molecular-weight products, such as the lipid acetate, were observed. Similar results were obtained for studies carried out in tetrachloroethane.
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FIGURE 6. Liquid secondary ion mass spectra (LSIMS) of the mixture of cis and trans POPC secondary ozonides in methanol (a) before thermal decomposition, (b) after ~20% thermal decomposition, and (c) after ~70% thermal decomposition.
There are some caveats in applying these studies to biological systems. It was necessary to carry out these studies in organic solvents where the phospholipid ozonides were soluble, and at higher than biological temperatures, in order to obtain experimentally accessible decomposition times. However, the results were the same in both solvents. In addition, the temperature extrapolation from the lowest temperature studied here to body temperature was only by 13°C. As long as the kinetic parameters measured represent those for the fundamental decomposition process, these factors should not induce significant uncertainties in the application to decomposition in the lung.
Within these constraints, the results presented here show that the thermal decompositions of the secondary ozonides of POPC do not proceed via the initial cleavage of the peroxide O-O bond, and free-radical production by this route is unlikely. In addition, the POPC secondary ozonides do not react with methanol, as observed in the case of styrene ozonide (Criegee & Korber, 1972) . The kinetic data suggest that decomposition proceeds by an intramolecular rearrangement, perhaps similar to that proposed for the decomposition of simple alkene ozonides in the gas phase (Hull et al., 1972) . In this case, the formation and subsequent thermal decomposition of secondary ozonides to generate free radicals in the alveolar region of the lung upon inhalation of ozone are unlikely to be responsible for the toxicity of O 3 . This is in agreement with the work of Hempenius et al. (1992 Hempenius et al. ( , 1993 , who showed that methyl linoleate 9,10-ozonide was not able to initiate peroxidation of methyl linoleate and that no change in the ESR signal of spin traps was observed when the ozonide was added either in the presence or absence of methyl linoleate itself.
CONCLUSIONS
The thermal decomposition of 1-octene ozonide in CCl 4 and CH 2 Cl 2 and that of the cis and trans-secondary ozonides of 1-palmitoyl-2-oleoylsn-glycero-3-phosphocholine (POPC) in methanol and 1,1,1,2-tetrachloroethane have been studied. The activation energy, E a = 26.7 ± 3.2 (2s ) kcal mol -1 , and preexponential factor, A = 10 12.7±1.9 s -1 (2s ), for the 1-octene ozonide decomposition are in excellent agreement with previous studies of this compound (Ewing et al., 1989b) and are consistent with cleavage of the weak O-O bond followed by the generation of free radicals. However, the activation energy for decomposition of the POPC ozonides is approximately 8 kcal mol -1 lower than this, too small to be consistent with the energy requirements for initial cleavage of the O-O bond. Furthermore, the preexponential factor for the POPC ozonide decomposition is about four orders of magnitude less than that for 1-octene ozonide and what would be expected for a simple unimolecular scission of the O-O bond. If these phospholipid ozonides are formed in the lung upon inhalation of ozone, their decomposition is unlikely to act as a free-radical source in the alveolar region.
